The calculated properties of substituted carboranes such as dipole moment, polarisability, the magnitude of the σ-hole and the desolvation free energy are compared with these properties in comparable aromatic and cyclic aliphatic organic compounds.
Introduction
Polyhedral boron clusters (boron hydrides, boranes) and their derivatives (heteroboranes) are a large class of inorganic compounds with unique properties, which are distinct from carbon-based compounds. These include especially their hydrophobicity, 1 low nucleophilicity, 2 Lewis acidity, high symmetry and spherical shape, 3D aromaticity 3 and the ability to form special types of noncovalent interactions, such as dihydrogen 4, 5 and σ-hole bonding. 6, 7 For this reason, they have found many applications, e.g. in radioactive waste extraction, 8 nanotechnology and medicinal chemistry. [9] [10] An important class of parental borane clusters comprises dianionic closo-B n H n 2compounds, known for n=5-12. 11 Neutral closo-carboranes can be obtained by replacing two formally neutral BH vertices with heteroatom vertices, such as isolobal CH + . 12 The partial charges on B-bound H atoms are slightly negative because of the electropositive character of B, whereas those on the C-bound H atoms are slightly positive. 4 Exoskeletal H atoms, bound both to B and C, can be substituted by various organic moieties, such as halogens or a hydroxyl. [12] [13] [14] [15] Substituted carboranes are promising new structures for use not only in crystal engineering but also in medicinal chemistry. 13, 16 The reasons are their low toxicity, metabolic stability and their ability to participate in various unique noncovalent interactions. 4, 7 Indeed, substituted carboranes have been found to bind to proteins, where they serve as 'hydrophobic pharmacophores'. [16] [17] Structural details about their binding are only known for a few proteins -HIV-1 protease, 18 dihydrofolate reductase 19 (DHFR), carbonic anhydrase [20] [21] and vitamin D receptor. 22 The types of noncovalent interactions that they form range from standard electrostatic B-H…Na + and dispersion interactions to still unusual dihydrogen bonding. 5, 23 The interaction repertoire of heteroboranes has, however, been recently expanded by unconventional σ-hole bonding, specifically halogen, chalcogen 7 and pnictogen bonding. 6 Halogen bonds (X-bonds), the best known among various σ-hole bonding types, are an interesting type of noncovalent interaction that has received a lot of attention in crystal engineering. [24] [25] Such noncovalent interactions were found first with amine complexes of dihalides in the 19 th century, [26] [27] however, the term 'X-bond' was used after the work of Dumas et al. [28] [29] and the nature of the X-bond was explained via the σ-hole in 2007. [30] [31] In 2004, they were also discovered in protein-ligand complexes. 32 Since then, the number of applications in biomolecular systems has been growing. [33] [34] [35] [36] [37] [38] The X-bond occurs between a halogen atom (X) covalently bonded to an electronegative element, mostly carbon, and an electron donor (O, N, S, etc.). The Xbond might thus seem counterintuitive, because both the X atom and the electron donor are electronegative elements with a negative partial charge. Electron distribution in X atoms covalently bound to an electronegative atom (Y) is anisotropic, which gives rise to Page 2 of 21 Physical Chemistry Chemical Physics Physical Chemistry Chemical Physics Accepted Manuscript a region of positive electrostatic potential (ESP), located on the axis of the X-Y covalent bond and distal from atom Y. The positively charged region is called the σ-hole [30] [31] and is characterised by its magnitude and size. 39 The strength of the X-bond increases with the σ-hole magnitude, whereas the directionality of the bond decreases when the σ-hole size increases. Passing from Cl to I, the magnitude (and also size) of the σ-hole increases; Br and especially I thus form the strongest X-bonds. The tunability of X-bonds has already been demonstrated in small molecular complexes [39] [40] [41] as well as in complex biomolecular systems. 36, 38 The IUPAC definition 42 of X-bond emphasises the dominant role of the electrostatic interaction between the positively charged σ-hole and the negatively charged electron donor. Nevertheless, we have shown that characteristic features of the X-bond result from a concerted action of electrostatic, polarization, dispersion and exchange-repulsion energy terms. 43 Dispersion energy is mostly dominant, which is caused by the fact that two heavy atoms with large polarisabilities (X and the electron donor) are close together; their distance is shorter than the sum of their van der Waals radii.
So far, we have discussed the ability of boranes and carboranes to bind a partner via electrostatic and dispersion-energy terms. Besides these energy terms, boranes and carboranes can interact via charge-transfer interaction since both are good electron acceptors.
The efficiency of boranes and carboranes to bind a partner molecule noncovalently is, however, affected not only by their properties but also by their solvation/desolvation energies. If the system is strongly polar or even charged, the solvation/desolvation energies in water medium are much higher than those of less polar or nonpolar systems.
Specifically for H-bonded complexes, the dehydration penalty weakens the interaction substantially. In contrast, X-bonds are less prone to be dampened 44 due to their lower polarity and also the larger role of dispersion, 41, [45] [46] which is not as much affected by the solvent.
The aim of the present paper is to predict computationally the ability of substituted carboranes to be efficient binders in noncovalent complexes, specifically in X-bonded, dispersion-bound or charge-transfer-dominated complexes. We will compare the studied carborane molecules with similar (with respect to the charge and the number of heavy atoms) carbon-based aromatic and cyclic aliphatic organic compounds ( Fig. 1 ). For this comparison, we will use various one-electron properties: the dipole moment (µ), the 
Materials and Methods

The systems investigated
Two halogen atoms (X = Br, I) and a hydroxyl were chosen as representative moieties that would form halogen and hydrogen bonds, respectively. In the series of neutral closodicarbaboranes, C 2 B n-2 H n , six-and twelve-vertex species (i.e. n= 6, 12), were considered as they are the most stable of the cluster sizes. 47 The exo-substituents were added (as mono-and di-species) on either boron or carbon atoms, thus comprising both existing 12 and theoretical compounds. Their schematic structures are shown in Fig. 1 .
This systematic study was started with mono-halogenated carboranes. In analogy to the organic systems studied previously, 41 the σ-hole tuning was examined by fluorination (as exo-substituents) of the other vertices. For hydroxyl systems, we took mono-hydroxyl systems and their corresponding fluorinated counterparts. We considered 1,2-cis and 1,6trans isomers of the 6-vertex carborane cages 14 and 1,2-ortho, 1,7-meta and 1,12-para carboranes for 12-vertex carborane. 12 The calculated properties of the carboranes were compared with those of substituted aromatic and cyclic aliphatic hydrocarbons having the same charge (neutral) and number of heavy atoms (6 or 12) ( Fig. 1 ).
For a better orientation of the reader, the studied systems are systematically referred to with descriptive abbreviations. For example in 6 T -Br C H, 6 stands for the number of 
Calculations
All the structures considered in this study, i.e. carboranes and the aromatic and cyclic aliphatic hydrocarbon systems ( Fig. 1) , were optimised at the B3LYP/def2-TZVPP level of theory in Gaussian 09. 48 The def2-TZVPP basis set was chosen, as it efficiently considers the effective-core potentials for X atoms. 49 Frequency calculations were performed for all the geometries to characterise them as minima with no imaginary frequency. The dipole moment (µ), the linear polarisability (α) and LUMO energies were obtained at the same level of theory. Furthermore, Grimme's advanced dispersioncorrected approach 50 (DFT-D3) with a basis set (def2-TZVPP) was taken for the optimization of some systems to determine the effect of dispersion energy in these In this study, the electrostatic potentials were calculated at the HF/cc-pVDZ level of theory and the HF/cc-pVDZ-PP basis set was employed for Br and I atoms to account for the relativistic effects in this study. The HF functional was utilised to generate the electrostatic potentials so as to keep the consistency with earlier study. 6 The solvent effects were taken into account in these calculations by using the SMD continuum model with the HF/6-31G* level of theory. 52 The SMD solvent model was chosen as one of the most accurate implicit solvent methods 53 with relatively low error bars for charged as well as neutral molecules. 52 LANL2DZ basis set was used for iodine atom in these solvent calculations. However, the SMD solvent model was not parameterised on iodine compounds. 54 So, special care should be taken when using such iodinated systems, as we aimed at a comparable level of accuracy.
Results and Discussion
The molecular properties (µ, V s,max , polarisability, LUMO energy and solvation free energy) of the exo-substituted carboranes are compared with those of the corresponding aromatic and cyclic aliphatic organic compounds.
Electrostatic properties
Dipole moment (µ). The vector µ describes the charge distribution in a molecule, gives clues about its potential electrostatic interactions and also partially influences the solvation free energy. For the 6-vertex carborane cages (Table 1A) , the 1,6-C 2 B 4 molecules have obviously lower µ than the 1,2-isomers (6 T -vs. 6 C -, respectively). In the former group, the mono-hydroxyl penta-fluoro compounds, 6 T -OH C F and 6 T -OH B F, have the highest µ of nearly 2.0 D. The latter class attains the µ of ca 2.4 D for 6 C -OH C H, 6 C -OH C F and 6 C -Br B H for two hydroxylated and one brominated compound. The µ for hydrocarbons is similar, for the aromatic ones it ranges from 0.5 to 2.0 D and for the cyclic aliphatic (6 S -compounds) it is 1.4-2.9 D. The µ of the 12-vertex cages is larger, up to 6.0 D (Table 1B) , increasing from the para-via meta-to the ortho-carboranes. The largest values are obtained for iodinated compounds, especially for the iodo compound and gives evidence about the significant electrostatic (and thus total stabilisation) energy of the complexes formed between these carboranes and polar systems.
Electrostatic potential. A useful way of describing the electrostatic properties of a molecule is to use its electrostatic potential (ESP). It can show either a uniform electron distribution, e.g. the skeletal part of bromo-cyclohexane ( Fig. 2A) , or various anisotropies. The global anisotropy can be evaluated and visualised as the dipole moment (µ), as exemplified here for 12 O -I B H (the blue arrow in Fig. 2B) . A local anisotropy can take the form of e.g. a σ-hole as in 12 O -I C F (Fig. 2C) . It is known that the strength of X-bonds increases with the increasing magnitude (the most positive value of ESP on the X atom, V s,max ). 39 This finding makes 
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it possible to predict the capabilities of the studied molecules to form X-bonds by calculating this one-electron property.
The results are summarised in Table 1 . They show that the point of attachment of the X atom to the carborane cage has a crucial role. The B-bound Br atoms have consistently smaller V s,max as compared to C-bound Br atoms, in line with our previous finding 6 ( Table 1 ). The B-bound X atoms have only slightly positive or even negative V s,max values, which are however less negative in the belt around the X atom (cf. Fig. 2) .
Additionally, the properties of the σ-holes significantly differ between the cis and trans isomers in the 6-vertex cages and the ortho, meta and para isomers in the 12-vertex cages. The V s,max is systematically larger for the C-bound X atoms of cis and ortho carborane compounds. For example, the V s,max of 6 T -Br C H and 6 C -Br C H is 19.0 and 21.7 kcal/mol, respectively. The V s,max of C-bound X atoms of cis and ortho carboranes is also found to be systematically more positive than that of comparable organic compounds, e.g. the V s,max of bromo-benzene (6-Br C H) of 11.2 kcal/mol. 41 It is even more pronounced in the case of bigger molecules. V s,max of 12-Br C H is 12.4 kcal/mol while that of 12 O -Br C H is 31.6 kcal/mol.
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Physical Chemistry Chemical Physics In the case of halogenated hydrocarbons, it has been shown that the properties of the σ-holes can be modulated by increasing the atomic number of the X atom and by introducing electron-withdrawing F atoms on the ring with the X atom. 40 When comparing the V s,max in Br-and I-substituted compounds, the latter is consistently larger by 6.7 to 10.6 kcal/mol (Table 1) . It is worth mentioning here that it is possible to compare Br and I in this study only due to the use of a basis set including effective core potentials. The ability to tune the X-bond by Br-to-I substitution in boron clusters is thus similar to the situation known from hydrocarbons. It has already been used to increase the inhibition activity of halogenated organic inhibitors. 33, 34, 36, 38 Similarly, the presence of the electron-withdrawing groups has comparable effects in the carboranes and the hydrocarbons. Upon the perfluorination of both the boron clusters and hydrocarbons, the V s,max consistently increases by 9-23 kcal/mol ( Table 1 ). The combination of both (Table 1B) .
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We conclude this section by stating that C-bound X atoms as the exo-substituents of the neutral carboranes possess σ-holes with larger magnitudes than the corresponding hydrocarbons. This unambiguously means that these substituted carboranes should form, as compared to organic compounds, stronger X-bonds with the same electron donors (D).
The tuning of the magnitude of the σ-hole by e.g. fluorination is comparably efficient in the substituted carboranes and in hydrocarbons. This means that the strength of the Xbonds formed can be efficiently and largely modulated. The significantly larger σ-hole at the C-bound X atoms on carboranes indicates the existence of strong C-X…D halogen bonds, which could be the structure-making motif. This will not be the case for the B-X…D motif.
Dispersion Energy
Dispersion energy between two systems is proportional to their polarisability.
For the 6-vertex cages, the calculated molecular polarisabilities of carboranes are comparable with those of small aromatic and cyclic aliphatic organic systems (e.g. the α of 6 T -Br C H, 6-Br C H and 6 S -Br C H equals 85.0, 86.7 and 88.6 a.u., respectively, Table   1A ). In the case of larger organic aromatic molecules, the polarisabilities are about 10 % smaller (e.g. the α of 12 O -Br C H and 12-Br C H equals 147.3 and 160.8 a.u., respectively, Table 1B ). This indicates that the complexes of substituted carboranes should be stabilised by dispersion energy comparable to or only slightly smaller than the corresponding complexes of similarly large organic molecules with the same charge. This is a surprising finding, because it is known that the dispersion energy of 2D aromatic organic compounds is large and forms a dominant part of the substantial stabilisation of the respective complexes. Evidently, a similar phenomenon will also appear for 3D aromatic carboranes.
An easy alternative to generate molecular polarisabilities of extended systems is to use the known additivity of molecular polarisability. [56] [57] The calculated molecular polarisabilities of organic compounds using the average atomic polarisability 56 Table 1 . Similarly, the average BH-group polarisability of carborane systems can also be determined with the help of the calculated polarisability of 
Charge transfer
Charge transfer is a mathematical formulation of polarization, which help predict the polarization and strength in noncovalently bound complexes. The chargetransfer energy, which is part of polarization occurs between an electron donor and an electron acceptor and is proportional to the ionisation potential of the former and the electron affinity of the latter. In the first approximation, the electron affinity of a system is proportional to the energy of the lowest unoccupied molecular orbital (LUMO) -the lower the energy of the LUMO, the higher the charge-transfer energy is expected.
The LUMO energies of the parental 6-vertex cages are found to be comparable with those of the corresponding organic compounds in the cases where the Br atom is bound to the C vertex (e.g. the LUMO of 6 T -Br C H, 6 C -Br C H, 6-Br C H and 6 S -Br C H is -0.0207, -0.0335, -0.0297 and -0.0104 a.u., respectively, Table 1A ). The compounds with Br bound to the B vertex have the LUMO energy significantly less negative (i.e. these systems are worse electron acceptors). The introduction of the electron-withdrawing F atoms to the boron cage has made the LUMO-energy levels systematically more negative (i.e. better electron acceptors). Significantly lower LUMO energy levels have been found for the 12-vertex carboranes than for the 6-vertex cages. However, the LUMO-energy levels were less negative than those of large organic compounds (for example, the LUMO of 12 O -Br C H and 12-Br C H was -0.0697 and -0.0912 a.u., respectively; see Table   1B ).
It may be concluded that the carboranes exo-substituted on the C vertex are comparable or slightly worse electron acceptors than the organic compounds studied.
Consequently, the charge-transfer binding energy of these carboranes is predicted to be similar to or slightly smaller than that of comparable organic compounds.
Solvation
High polarity or even the presence of charge on one of the subsystems indicates a higher gas-phase interaction energy. In the presence of a solvent, the respective electrostatic interaction is damped and this damping can be dramatic (for Reference 38) . It has also been shown that the hydrogen bonds formed between organic ligands and the protein may be stronger in the gas-phase than halogen bonds but the desolvation penalty renders them weaker. 44 It is thus important to study the solvation in conjunction with the gas-phase characteristics.
The calculated solvation free energy ∆G solv shows that carboranes are solvated worse than hydrocarbons. Moreover, halogenated systems are solvated worse than hydroxylated compounds (the ∆G solv is less negative or even positive; see Table 1 ).
These compounds will thus have a smaller desolvation penalty when forming a complex in water environment. Consequently, the final binding free energy of carboranes is expected to be larger (more favourable) than that of hydrocarbons. An inspection into the studied trends within the brominated carboranes reveals that they are solvated better when the Br atom is bound to the B vertex (the ∆G solv of 12 O -Br C H and 12 O -Br B H is 1.9 and -4.3 kcal/mol, respectively; see Table 1B ), which correlates with the µ of these molecules. Similarly, the cis-carboranes are solvated better than the trans isomers and the ortho-carboranes are solvated better than the meta and para isomers. Additionally, the results show that fluorination can make ∆G solv more negative (with the ∆G solv of 12 O -Br C H and 12 O -Br C F being 1.9 and -4.7 kcal/mol, respectively). This finding should be considered when the fluorination is used to tune the X-bond strength, because it might simultaneously increase the desolvation penalty.
Di-brominated and di-iodinated carboranes
So far, we have only studied the properties of mono-halogenated compounds in order to be able to compare them with the more-studied and better-known organic compounds.
However, it is often more difficult to synthesise mono-halogenated carboranes than dihalogenated species. In the case of the 6-vertex cages, 2-X-1,6-C 2 B 4 H 5 and 2,4-X-1,6-C 2 B 4 H 4 have been synthesised. 58 In the case of 12-vertex cages, 1-X-1,2-C 2 B 10 H 11 and 9,10-X 2 -1,2-C 2 B 10 H 10 have been synthetised. 12 Therefore, we extend our study by selected di-brominated and di-iodinated carboranes. The properties of these compounds are summarised in Table 2 . Obviously, they are similar to the properties of monobrominated and mono-ionidated carboranes with the exception of polarisability. As could be expected, α is considerably larger in di-halogenated compounds. Consequently, the dispersion energy of complexes formed by di-halogenated systems will be considerably larger than that of the complexes of monohalogenated systems. Furthermore, we have calculated quadrupole moments for the dihalogenated systems, where the overall dipole Moreover, we have optimized the geometries of some selected systems at DFT-D3/B3LYP/def2-TZVPP level of theory and compared with the geometries obtained at B3LYP/def2-TZVPP level of theory. We only optimized isolated molecules in this study. Consequently, the consideration of the empirical dispersion had negligible effect on the optimized geometries. The calculated root-mean-square deviation (RMSD) is in the order of 10 -3 -10 -4 Å (Table S2 , ESI). The largest deviations occur in 6 S -Br C H and 6 S -I C H of rmsd values 0.012 and 0.011 Å, respectively. Even in these molecules, the molecular properties (µ, V s,max , α, LUMO energy and ∆G solv ) remain unchanged in optimized geometries (Table 1 and Table S3 , ESI).
Conclusions
We have shown that carbon-bound halogen (X) atoms as exo-substituents of neutral ortho-1,2-C 2 B 10 H 12 and cis-1,2-C 2 B 4 H 6 carboranes possess σ-holes with a considerably larger magnitude than X atoms in the corresponding hydrocarbons. This means that Xsubstituted carboranes are predicted to form stronger X-bonds with the same electron donor than organic compounds. Moreover, the tuning of the V s,max of the σ-hole by e.g.
fluorination is similarly efficient for substituted carboranes and for hydrocarbons. This
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means that the strength of the X-bonds formed can be efficiently and largely modulated. Furthermore, the desolvation penalties of substituted carboranes are smaller than those of the corresponding organic compounds while dispersion and charge-transfer energies are predicted to be comparable or slightly smaller. Putting everything together, it may thus be predicted that substituted carboranes have a potential to form stronger X-bonds than the comparable hydrocarbons, which will be even more pronounced in the medium. This study lays ground for the predictions of the noncovalent binding potential of substituted carboranes based on quantum chemical calculations. Such an approach can find its use in the engineering of novel materials or the design of new biomolecular ligands. 
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